
Introduction

The focus of this article is on the idea that reactions

between crystalline solids represent a viable alterna-

tive method to the preparation of new crystalline ma-

terials, i.e. a way to make crystals from crystals. Mak-

ing crystals by design is the paradigm of crystal

engineering [1–8].

Even though our approach encompasses both the

possibility of reacting a given crystalline material

with another substance (which can be another crystal-

line materials, or a gas) as well as that of transforming

a given crystalline material in a different one via a

loss/uptake of molecules or a phase transition, we

shall describe mainly reactions between solids to ob-

tain new crystalline materials.

Importantly though, these ‘non-solution’ ap-

proaches can be used not only to prepare new materi-

als but also to generate new polymorphic or solvate

modifications of the same substance [9–15].

Solid-state reactions activated by grinding or

milling are known as mechanochemical reactions.

Thus far, mechanochemical processes, and more gen-

erally solid-state reactions, have been little exploited

at the level of academic research, while they are com-

monly used at industrial level mainly with inorganic

solids and materials [16–18].

Crystalline materials are obtained principally by

reactions in the solvent medium and only recently

there has been an upsurge of interest in producing

crystals by reacting and transforming preformed crys-

tals. In our approach reactions between molecular

crystals are regarded as supramolecular reactions,

whereby interactions, including coordination bonds,

between reactants are broken while those of the

product are being formed [9–14].

Solvent-free methods, however, still require that

molecules are brought in contact for reaction. In gen-

eral, fast and quantitative reactions can be achieved

when finely ground powders (the large surface area

helps molecular diffusion) are exposed to gaseous

substances or co-ground with another powder. The

two solvent-free processes are distinct but conceptu-

ally related, as depicted in the top part of Fig. 1.

In order to define the scopes of this article it is use-

ful to remind the reader that we will not discuss

intra-solid reactions, such as topochemical reactions of

the type explored by Schmidt [19], which are experienc-

ing a wave of renewed interest [20–27]. We shall also

not discuss reactions involving single crystals [28–31].

Amorphous materials though interesting [32, 33], are

also outside the scope of this contribution.
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Fig. 1 Schematic representation of the solid–solid and

solid–vapour processes and the strategy to obtain single

crystals by recrystallisation via seeding. From [15] repro-

duced by permission of the Royal Society of Chemistry
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Pioneering studies of reactions between molecu-

lar crystals were carried out by Rastogi et al. about

forty years ago [34–36], and extended by Curtin and

Paul in the ‘70’s [37–39] and by Etter in the ‘80’s

[40–42]. In the case of 2-aminobenzoic acid, Etter

also showed that grinding could determine polymorph

interconversion [41]. Boldyrev contributions on

mechanochemistry have a long tradition in inorganic

chemistry [17, 18, 42, 43], and his experience gave

important insight also in the organic field [44–46].

In spite of these early suggestive results, meth-

ods based on grinding or ball milling [16, 17, 47] are

not very popular in university research labs, while

they are commonly used at industrial level

[18, 48–50]. Another industrially relevant process

that can be applied on a small scale research lab is the

so called kneading [51, 52], i.e. the use of a small

amount of solvent or of a liquid reactant to speed up a

solid-state reactions during grinding or milling

[9, 53–55]. Kneading has been described as a sort of

‘solvent catalysis’ of the solid-state process, whereby

the small amount of solvent provides a lubricant for

molecular diffusion [9]. The method is commonly

employed, for example, in the preparation of cyclo-

dextrin inclusion compounds [51, 52, 56–59].

Jones et al. have shown kneading (in their papers

called ‘solvent drop’) can provide a successful means

to control the polymorphic outcome of a co-crystalli-

zation [55, 60]. The nature of the drop solvent has a

crucial role in final form obtained and can induce

phase transformation [54] or new polymorphs [61].

In the following we will summarize the results

obtained in the mechanochemical preparation of hy-

drogen bonded adducts and cages as well as of coordi-

nation networks.

Mechanochemical preparation of hydrogen
bonded co-crystals

There is a vast literature on the crystal engineering of

hydrogen bonded molecular crystals and co-crystals

[62–69]. In the organic chemistry area, the mechano-

chemical formation of hydrogen-bonded co-crystals has

been established for some time [70–72].

We have shown that mechanical mixing of solid

dicarboxylic acids HOOC(CH2)nCOOH (n=1–7) of

variable chain length together with the solid base

1,4-diazabicyclo[2.2.2]octane, [N(CH2CH2)3N], gen-

erates the corresponding salts or cocrystals of formula

[N(CH2CH2)3N]–H–[OOC(CH2)nCOOH] (n=1–7)

(Fig. 2) [73]. The reactions imply transformation of

inter-acid O–H···O bonds into hydrogen bonds of the

O–H···N type between acid and base. The nature

(whether neutral O–H···N or charged –O···H–N+) of

the hydrogen bond was established by means of

solid-state NMR measurement.

In the organometallic area, the ferrocenyl

dicarboxylic acid complex [Fe(�5–C5H4COOH)2] reacts as

a polycrystalline solid with solid nitrogen containing bases,

such as 1,4-diazabicyclo[2.2.2]octane, 1,4-phenylene-

diamine, piperazine, trans-1,4-cyclohexane-diamine and

guanidinium carbonate, generates quantitatively the

corresponding organic- organometallic adducts [74, 75].

The example of compound [N(CH2CH2)3NH]

[Fe(�5–C5H4COOH) (�5–C5H4COO)] is educative

(Fig. 3): the same product can be obtained in three different

ways: (i) by reaction of solid [Fe(�5–C5H4COOH)2] with

vapours of 1,4-diazabicyclo[2.2.2]octane (which possesses

a small but significant vapour pressure), (ii) by reaction of

solid [Fe(�5–C5H4COOH)2] with solid 1,4-diazabi-

cyclo[2.2.2]octane, C6H12N2, i.e. by co-grinding of the two

crystalline powders, and by reaction in MeOH solution of

the two reactants. The fastest process is the solid–solid

reaction. The base can be removed by mild thermal

treatment, and the structure of the starting dicarboxylic

acid is regenerated. The processes imply breaking and

reassembling of hydrogen-bonded networks, confor-

mational change from cis to trans of the –COO/–COOH

groups on the ferrocene diacid, and proton transfer from

acid to base.

Another extremely versatile solid reactant is rep-

resented by the organometallic zwitterion

[CoIII(�5–C5H4COOH)(�5–C5H4COO)] [76]. This

compound reacts with a number of M+X– salts

(M+=K+, Rb+, Cs+, NH4
+; X–=Cl–, Br–, I–, PF6

– ) and

obtaining compounds of general formula
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Fig. 2 The reaction of solid dicarboxylic acids

HOOC(CH2)nCOOH (n=1–7) with the solid base

1,4-diazabicyclo[2.2.2]octane, [N(CH2CH2)3N], gener-

ates the corresponding salts or cocrystals of formula

[N(CH2CH2)3N]–H–[OOC(CH2)nCOOH] (n=1–7). The

O–H···O hydrogen bonds present in the solid acid are

replaced by neutral O–H···N and charged –O···H–N+ in-

teractions, with formation of dimeric units (n=1) or in-

finite chains (n=2–7) (HCH atoms not shown for

clarity). From [15] reproduced by permission of the

Royal Society of Chemistry



[CoIII(�5–C5H4COOH)(�5–C5H4COO)]2·M
+X– [77].

In the cases of the Rb+, Cs+ and Cl–, Br–, I– salts, the

products could only be obtained by kneading. This

class of compounds is characterized by the presence

of a supramolecular cage formed by four zwitterionic

molecules encapsulating the alkali or ammonium cat-

ions via O···M+ or O···H–N interactions. It is fascinat-

ing to think of this inter-solid reaction as a sort of so-

phisticated solid-state ‘solvation’ process of the cat-

ions by the organometallic complex [78]. The cage is

sustained by O–H···O hydrogen bonds between

carboxylic –COOH and carboxylate –COO– groups,

and by C–H···O bonds between –CHCp
and –CO

groups, while the anions are layered in between the

cationic complexes, as shown in Fig. 4 in the case of

[CoIII(�5–C5H4COOH)(�5–C5H4COO)]2·Cs+I–.

Mechanochemical preparation of
coordination networks

The preparation of coordination networks is another

of the main streams of crystal engineering as wit-

nessed by the literature in this field which is expand-

ing at an exponential pace [29, 79–87].

We have explored the mechanochemical prepa-

ration of coordination networks by using bidentate ni-

trogen bases [88]. The coordination polymer

Ag[N(CH2CH2)3N]2[CH3COO]·5H2O has been ob-

tained by co-grinding in the solid state and in the air

of silver acetate and [N(CH2CH2)3N] in 1:2 ratio

(Fig. 5a). The preparation of single crystals of

Ag[N(CH2CH2)3N]2[CH3COO]·5H2O was obviously

indispensable for the determination of the exact na-

ture of the co-grinding product. One could thus estab-

lish that the coordination network in

Ag[N(CH2CH2)3N]2[CH3COO]·5H2O is based on

chains of Ag+···[N(CH2CH2)3N]···Ag+···

[N(CH2CH2)3N]···Ag+, with each silver atom carrying

an extra pendant [N(CH2CH2)3N] ligand and a coordi-

nated water molecule in tetrahedral coordination ge-

ometry. When ZnCl2 is used instead of AgCH3COO

in the equimolar reaction with [N(CH2CH2)3N], dif-

ferent products are obtained from solution and

solid-state reactions, respectively. Figure 5b shows

that the structure of Zn[N(CH2CH2)3N]Cl2, crystal-

lized from solution, is based on a one-dimensional

zig-zag coordination network constituted of alternat-

ing [N(CH2CH2)3N] and ZnCl2 units, joined by Zn–N

bonds. Crystals of the product obtained by grinding

have not been obtained and the details of this com-

pound remain unknown. However, we have been able
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Fig. 3 The solid–vapour and solid–solid reactions involving

1,4-diazabicyclo[2.2.2]octane with formation of a lin-

ear chain of hydrogen-bonded

[Fe(�5–C5H4COOH)(�5–C5H4COO)]– anions and

monoprotonated [N(CH2CH2)3NH]+ cations.

From [15] reproduced by permission of the Royal

Society of Chemistry

Fig. 4 A pictorial representation of the process leading from

[CoIII(�5–C5H4COOH)(�5–C5H4COO)] and CsI to

[CoIII(�5–C5H4COOH)(�5–C5H4COO)]2·Cs+I–.

From [15] reproduced by permission of the Royal Soci-

ety of Chemistry

Fig. 5 The coordination network in

a – Ag[N(CH2CH2)3N]2[CH3COO]·5H2O and in

b – Zn[N(CH2CH2)3N]Cl2. From [15] reproduced by

permission of the Royal Society of Chemistry



to demonstrate that the phase obtained by co-grinding

can be transformed into the known anhydrous phase

Zn[N(CH2CH2)3N]Cl2 by prolonged manual grinding.

Other examples of mechanochemical prepa-

ration of coordination complexes are known. Steed

and Raston et al. have explored the use of mechano-

chemistry to prepare extended supramolecular arrays

[89]. Grinding of Ni(NO3)2 with 1,10-phenanthroline

resulted in the facile preparation of [Ni(1,10-phenan-

throline)3]
2+ accompanied by a dramatic and rapid

colour change. Addition of the solid sodium salt of

tetrasulfonatocalix[4]arene gives two porous

�-stacked supramolecular arrays [Ni(1,10-phenan-

throline)3]2[tetrasulfonatocalix[4]arene4-]·nH2O and

the related [Na(H2O)4(1,10-phenanthroline)]

[Ni(1,10-phenanthroline)3]4[tetrasulfonatocalix[4]

arene4–][tetrasulfonatocalix[4]arene5–]·nH2O depend-

ing on stoichiometry. It has also been reported that the

co-grinding of copper(II) acetate hydrate with

1,3-di(4-pyridyl)propane gives a gradual colour

change from blue to blue-green in a few minutes. The

resulting material was shown by solid state NMR

spectroscopy to comprise a 1D coordination polymer

with water-filled pores. The same host structure,

[{Cu(OAc)2}2(�-1,3-di(4-pyridyl)propane)]n, could

be obtained from solution containing methanol, acetic

acid or ethylene glycol guest species [90].

Induced polymorphism and solvate
formation

As illustrated above, the paradigm of crystal engi-

neering is the possibility of obtaining an ordered and

periodical organization of molecules or ions through

space from the self-assembly of building blocks. The

control of the assembly process depends on our ca-

pacity of instructing molecules or molecular ions how

to recognize each other and form stable crystal nuclei,

that eventually lead to the desired crystalline material.

The problem is further complicated by the possibility

of obtaining different solvate forms as well as the un-

expected crystallization of a new form (serendipitous

polymorphism). While serendipitous polymorphism

and solvate formation are very common (‘it happens’

to crystallize the same substance as different crystals

or solvates), intentional polymorphism is more diffi-

cult, as it requires the purposed investigation of the

conditions to obtain different crystals for the same

species [91–93].

Thus far we have provided evidence that the sol-

vent-free reaction of a molecular crystal with a

vapour can be exploited to make new crystalline

supramolecular aggregates. A useful notion is that the

same approach can be used to prepare a new

polymorph or solvate [94, 95]. This section of the arti-

cle will expand on this idea. We will show how me-

chanical treatment, vapour uptake and release and

seeding can all be used to obtain new crystal forms.

We will also discuss the useful possibility of obtain-

ing interconversion of crystal forms as a function of

pressure and temperature.

We have come across a case of relationship be-

tween polymorphism and pseudo-polymorphism dur-

ing the initial preparation of the zwitterion

[CoIII(�5–C5H4COOH)(�5–C5H4COO)] [75]. Single

crystals of this molecule could be obtained by seeding

a water solution obtained by dissolving the tri-hydrate

[CoIII(�5–C5H4COOH)(�5–C5H4COO)]·3H2O with

seeds prepared by stepwise dehydration of the hy-

drated species [74].

A thermogravimetric experiment showed that

[CoIII(�5–C5H4COOH)(�5–C5H4COO)] ·3H2O revers-

ibly releases one water molecule at 378 K, while the

loss of the two remaining water molecules occurs at

ca. 506 K and is immediately followed by a phase

transition. Subsequent comparison of the calculated

and measured powder diffractograms of the anhy-

drous phase confirms that the powder obtained at

506 K and the single crystals precipitated at room

temperature after seeding possess the same structure.

Importantly, crystallization in the absence of seeds of

[CoIII(�5–C5H4COOH) (�5–C5H4COO)] yields the

initial tri-hydrate form [CoIII(�5–C5H4COOH)

(�5–C5H4COO)]·3H2O.

In a similar process, crystals of [Ru(�6–C6H6)2]

[BF4]2 can be crystallized from nitromethane as the

solvate form [Ru(�6–C6H6)2][BF4]2·MeNO2. These

solvate crystals, if exposed to air, rapidly convert to

the unsolvate form [Ru(�6–C6H6)2][BF4]2. The nature

of this latter compound was established from single

crystals obtained from water in the presence of seeds

of the powder material obtained from desolvated

crystals [Ru(�6–C6H6)2][BF4]2·MeNO2 [96].

The opposite process, namely solvent uptake, can

often be activated by mechanical treatment of

unsolvated crystals. There are several reports on that

even gentle grinding of a powder product to prepare a

sample for powder diffraction may lead to the formation

of a hydrated product [41, 97–100]. In our lab, we have

seen that the hydrated salt [Co(�5–C5H5)2]
+

[Fe(�5–C5H4COOH)(�5–C5H4COO)]–·H2O is obtained

by simply grinding in the air the crystalline powder of

[Co(�5–C5H5)2]
+[Fe(�5–C5H4COOH)(�5–C5H4COO)]–

that precipitates from THF or nitromethane on reacting

[Co(�5–C5H5)2] with [Fe(�5–C5H4COOH)2] [101].

Once [Co(�5–C5H5)2]
+[Fe(�5–C5H4COOH)

(�5–C5H4COO)]–·H2O has been obtained by grinding,

its single crystals can be grown from water or

nitromethane, while crystals of the anhydrous form are

no longer observed. However, on heating, the hydrated
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form looses water at 373 K and reverts to the starting

material.

A related situation has been observed on reacting

solid [N(CH2CH2)3N] with solid malonic acid

[HOOC(CH2)COOH] in the molar 1:2 ratio [102].

Two different crystal forms of the salt

[HN(CH2CH2)3NH][OOC(CH2)COOH]2 are obtained

depending on preparation technique (grinding or so-

lution) and crystallization speed. Form I, containing

mono-hydrogen malonate anions forming conven-

tional intramolecular O–H···O hydrogen bonds and

inter-ionic N–H···O hydrogen bonds, is obtained by

solid-state co-grinding or by rapid crystallization,

while form II, containing both intermolecular and

intramolecular O–H···O hydrogen bonds, is obtained

by slow crystallization (Fig. 6). Forms I and II do not

interconvert, while form I undergoes an order–disor-

der phase transition on cooling. One can envisage the

two crystalline forms as hydrogen bond isomers of the

same solid supermolecule.

Proton transfer along a hydrogen bond poses an

interesting question about polymorph definition. In

fact, proton mobility along a hydrogen bond (say

from O–H···N to –O···H–N+) may not be associated

with a phase transition, even though it implies the for-

mal transformation of a molecular crystal into a mo-

lecular salt. This situation has been observed, for in-

stance, for the proton migration along an O–H···O

bond in a co-crystal of urea-phosphoric acid (1:1) as a

function of temperature [103]. Mootz and Wiechert,

on the other hand, have isolated two co-crystals of

pyridine and formic acid: in the 1:1 co-crystal proton

transfer from formic acid to pyridine does not take

place, while in the 1:4 co-crystal N–H+···O– interac-

tions are present [104]. Examples of this kind are rare,

but serve to stress how the phenomenon of polymor-

phism can be, at times, full of ambiguity.

An intriguing case of interconversion between

unsolvate and solvate crystals is observed when

[N(CH2CH2)3N] is reacted with maleic acid

[HOOC(HC=CH)COOH]. The initial product is the

anhydrous salt [HN(CH2CH2)3N]

[OOC(HC=CH)COOH], which contains chains of
+N–H···N– bonded cations [HN(CH2CH2)3N]+ and

‘isolated’ [OOC(HC=CH)COOH]– anions [105].

Upon exposure to humidity the anhydrous salt con-

verts within few hours into the hydrated form

[HN(CH2CH2)3N] [OOC(HC=CH)COOH]·0.25H2O,

which contains more conventional ‘charge-assisted’
+N–H···O– hydrogen bonds between anion and cation

(Fig. 7). This latter form can also be obtained by

co-grinding.

The two isomorphous crystalline complexes

[M(�5–C5H5)2][PF6] (M=Co, Fe) afford a textbook

example of an enantiotropic system, i.e. of poly-

morphs that interconvert as a function of temperature

[106–108]. The room temperature phases of these

crystals have been shown, by variable temperature

X-ray diffraction experiments and differential scan-

ning calorimetry (DSC), to undergo two reversible

solid-to-solid phase changes towards a low tempera-

ture monoclinic phase and a high temperature cubic

phase, respectively. The only difference between Co

and Fe is in the temperatures of the transitions: M=Fe,

ca. 213.1 and 347.1 K, M=Co, ca. 251.8 and 313.9 K

measured in the heating cycles, respectively. The

phase transitions were investigated by single crystal

X-ray diffractometer by collecting data sets on the

same crystal specimen. While the room and low tem-

perature phases are ordered, the high temperature

phase of [Co(�5–C5H5)2][PF6] contains ordered [PF6]
–

anions and orientationally disordered

[Co(�5–C5H5)2]
+ cations (Fig. 8), while, in the case of

[Fe(�5–C5H5)2][PF6], both cations and anions are dis-

ordered.
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Fig. 6 a – Form I and b – II of

[HN(CH2CH2)3NH][OOC(CH2)COOH]2 and the hydro-

gen bonded anion···cation chains present in their crys-

tals. Form I is obtained by solid-state co-grinding or by

rapid crystallization, while form II is obtained by slow

crystallization. From [15] reproduced by permission of

the Royal Society of Chemistry

Fig. 7 Views of the packing and hydrogen bonding in the an-

hydrous salt a – [HN(CH2CH2)3N]

[OOC(HC=CH)COOH] and b – of the hydrated salt

[HN(CH2CH2)3N][OOC(HC=CH)COOH]H2O0.25.

From [15] reproduced by permission of the Royal

Society of Chemistry



The close structural similarity between the two

complexes [M(�5–C5H5)2]
+ (M=Co, Fe) suggested the

possibility of growing crystals from solutions contain-

ing mixtures of the two cations. We have discovered

that, in the solid state, the two cations are fully miscible

in the whole range of composition and that the composi-

tion is the same as that of the water solutions from

which the mixed-crystals are precipitated, e.g. the mixed

salts can be formulated as [CoxFe1–x(�
5–C5H5)2][PF6]

(with 0<x<1). Moreover, the phase transition behaviour

depends linearly on the composition (Fig. 8). The tem-

peratures at which the two solid-to-solid phase transi-

tions occur very regularly, as a direct function of the

molar ratio, between the two extremes defined by the

homo-cationic crystals.

The close structural similarity between the two

complexes [M(�5–C5H5)2]
+ (M=Co, Fe) prompted us

to explore the possibility of growing crystals from so-

lutions containing mixtures of the two cations. The re-

sulting mixed salts [CoxFe1–x(�
5–C5H5)2][PF6] (with

0<x<1) show that the two cations are fully miscible in

the whole range of composition and that the composi-

tion is the same as that of the water solutions from

which the mixed-crystals are precipitated. Moreover,

the phase transition behaviour depends linearly on the

composition, i.e. the temperatures at which the two

solid-to-solid phase transitions can be selected by

choosing the molar ratio in solution. Thus, the

mixed-crystal [CoxFe1–x(�
5–C5H5)2][PF6], though

composed of molecular ions and soluble in water,

possesses the features of an alloy of the AxB1–x type.

The seeding procedure can also be exploited to

attempt crystallization of unyielding materials if

seeds of isostructural or quasi-isostructural species

that crystallise well are available [109, 110]. This sort

of heteromolecular seeding has been instrumental to

the separation of two concomitant polymorphs [111].

Precipitation of [Fe(�5–C5H5)2]
+ as its [AsF6]

– salt

generates two concomitant crystal phases: a trigonal

phase (Fe-T) and a monoclinic phase (Fe-M). In order

to separate the two polymorphs two solutions were

seeded with crystals of the trigonal phase of

[Co(�5–C5H5)2][AsF6] and of the monoclinic phase of

[Fe(�5–C5H5)2][PF6], yielding the corresponding

trigonal and monoclinic forms of [Fe(�5–C5H5)2]

[AsF6], respectively. The seeding was successful and

yielded good quality single crystals of Fe-T and Fe-M

(Fig. 9), which proved to be sufficiently robust to un-

dergo a full cycle of four-phase transitions directly on

the diffractometer, (Fe-T�Fe-M�Fe-C (cubic

phase)�Fe-M�Fe-T), a rather uncommon situation

that permitted a whole rationalization of the phase

transitional behaviour.

On closing the section devoted to polymor-

phism, we ought to point out that the ongoing inten-

sive research on coordination network crystal engi-

neering is opening new avenues to the investigation

of polymorphs and solvates. As a matter of fact the

same divergent ligand may yield topologically differ-
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Fig. 8 Schematic representation of the relationship between

the three structures of crystalline [M(�
5–C5H5)2][PF6]

(M=Co, Fe) and the dependence of the phase transition

temperatures on the alloy composition, when

[Co(�5–C5H5)2]
+ and [Fe(�5–C5H5)2]

+ are co-crystal-

lized to give [CoxFe1–x(�
5–C5H5)2][PF6] (with 0<x<1).

From [15] reproduced by permission of the Royal

Society of Chemistry

Fig. 9 The seeding procedure where crystals of trigonal

[Co(�5–C5H5)2][AsF6] were used to grow the trigonal

form of [Fe(�5–C5H5)2][AsF6], while crystals of

monoclinic [Fe(�5–C5H5)2][PF6] were used to obtain

the monoclinic form of [Fe(�5–C5H5)2][AsF6].

From [15] reproduced by permission of the Royal

Society of Chemistry



ent coordination networks with the same metal, which

will have the same composition but different architec-

ture (polymorphs or supramolecular isomers?). More-

over, the same network can co-crystallize with a dif-

ferent number and type of molecules in the voids and

channels, and these molecules can be desorbed or

substituted often without network destruction or re-

construction [112–114]. Solvent and/or guest depen-

dent topological isomerism in coordination polymers

has been recently reviewed [115].

Conclusions

Solid–solid and solid–vapour reactions have been the

subject of investigation for decades in the fields of or-

ganic and of inorganic chemistry and are commonly

used in industrial processes. In spite of this, or – per-

haps – because of this, these processes are not very

popular in the field or organometallic and coordina-

tion chemistry. Clearly, the control on solid-state re-

actions, that can be used to trap environmentally dan-

gerous or poisonous molecules, is an attractive goal

for solid-state chemistry and crystal engineering. For

instance, one may purposefully plan to assemble mol-

ecules that are capable of absorbing molecules from

the gas phase and, possibly, to react with them. This

implies sensing and could be exploited to detect mol-

ecules if there is a measurable response from the solid

state. If the reaction is quantitative and reversible, the

same processes (whether based on weak non-covalent

bonding or on some type of covalent/ionic, high

enthalpy, process) can be used to trap gases and de-

liver them where appropriate.

Since the solid-solid and solid-vapour reactions

described in this article involve formation or disrup-

tion of non-covalent interactions, they can be looked

at as supramolecular reactions between a two periodi-

cal supermolecules (crystals) or between a periodical

supermolecule and a molecule in the gas phase. The

concept can be stretched to encompass also solva-

tion/desolvation processes, because the uptake/loss of

solvent molecules requires supramolecular bond

breaking and forming, as for the formation of a

co-crystal or a supramolecular adduct. Whether a

kneaded reaction between two solid phases can be re-

garded as a bona fide solid-state process is doubtful,

as it is often the case with other mechanochemical re-

actions, because of the difficulty in controlling exact

reaction conditions such as grinding time, tempera-

ture, pressure exerted by the operator, etc. The heat

generated in the course of a mechanochemical pro-

cess can induce local melting of crystals or melting at

the interface between the different crystals, so that the

reaction takes place in the liquid phase even though

solid products are ultimately recovered. The same

reasoning applies to formation of eutectic phases

[13, 14] and to reactions occurring with a minimal

amount of solvent (kneading).

Another point to consider is that the poly-

crystalline nature of mechanochemical products

makes impossible the use of straightforward sin-

gle-crystal diffraction methods, which are indispens-

able for a precise description of the structure of the

crystal (the ultimate product of a crystal engineering

experiment). Beside ab-initio structure determination

from powder diffraction data [116], which is not yet

of widespread application, one has to resort to the a

posteriori preparation of single crystals starting from

the powdered product. In some cases, single crystals

can be grown from solution by seeding, i.e. by using a

small portion of the polycrystalline sample to ‘in-

struct’ the crystallization process. Once the sin-

gle-crystal structure is known, an X-ray powder pat-

tern can be calculated and compared with the mea-

sured powder patterns of products obtained from sub-

sequent preparations. As for grinding and kneading,

seeding procedures are commonly employed in indus-

tries to guarantee crystallization/precipitation of the

desired crystal form. Seeds of isostructural or quasi-

isostructural species that crystallise well can also be

employed to induce crystallisation of unyielding ma-

terials (heteromolecular seeding) [117]. Of course,

unintentional seeding may also alter the crystalliza-

tion process in an undesired manner [118].

In conclusion, the use of solvent-free methods,

such as mechanical mixing and solid–gas reactions,

do not only provide ‘chemical access’ to a variety of

new chemicals and/or quantitative transformation of

reactants in products [119, 120] can be used to pre-

pare new molecular crystals and co-crystals, a useful

notion in crystal engineering.
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